Squamous cell carcinoma of the head and neck (SCCHN) is a leading cause of cancer deaths worldwide. Epidermal growth factor receptor (EGFR), an upstream mediator of signal transducer and activator of transcription (STAT)-3 is overexpressed in a variety of cancers, including SCCHN. Therapies such as monoclonal antibodies and tyrosine kinase inhibitors targeting EGFR have demonstrated limited antitumor efficacy, which may be explained, in part, by persistent STAT3 activation despite EGFR inhibition. STAT3 activation induces expression of target genes in SCCHN, including Bcl-X L , a mediator of antiapoptotic activity. Bcl-X L is commonly overexpressed in SCCHN where it correlates with chemoresistance, making it a potential therapeutic target. Targeting the EGFR-STAT3-Bcl-X L pathway at several levels, including the upstream receptor, the intracellular transcription factor, and the downstream target gene, has not been investigated previously. Using erlotinib, an EGFRspecific reversible tyrosine kinase inhibitor in combination with a STAT3 transcription factor decoy, we found enhanced antitumor effects in vitro and in vivo. The combination of the STAT3 decoy and gossypol, a small molecule targeting Bcl-X L , also yielded enhanced inhibition of cell proliferation. The triple combination of erlotinib, STAT3 decoy, and gossypol further enhanced cell growth inhibition and apoptosis in vitro, and it down-regulated signaling molecules further downstream of the EGFR-STAT3 signaling pathway, such as cyclin D1. These results suggest that combined targeting of several components of an oncogenic signaling pathway may be an effective therapeutic strategy for SCCHN.
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Approximately 500,000 cases of squamous cell carcinoma of the head and neck (SCCHN) are diagnosed annually worldwide, and they account for approximately 3% of all cancers in the United States. SCCHN, an epithelial malignancy that affects the upper aerodigestive tract mucosa, has been linked to chronic tobacco and alcohol use. Conventional therapeutic strategies including surgery, chemotherapy, and radiation are effective in only 50% of cases, underscoring the need for new approaches to treat this malignancy.
Recent studies have focused on combining inhibitors that target several molecules in a single signaling pathway known to contribute to cancer progression to enhance antitumor efficacy. Epidermal growth factor receptor (EGFR) overexpression has been detected in a variety of human malignancies, including SCCHN in which expression levels in the tumor are correlated with decreased patient survival (Rubin Grandis et al., 1998; Ang et al., 2002) . Signal transducer and activator of transcription (STAT)-3 is activated downstream of EGFR in SCCHN, and studies have demonstrated a role for STAT3 as an oncogene (Bromberg et al., 1998; Turkson et al., 1998) . Constitutive activation of STAT3 has been detected in many cancers, including multiple myeloma, leukemia, lymphoma, prostate, breast, pancreas, lung, ovary, as well as SCCHN. A key downstream target of STAT3 is the gene encoding Bcl-X L , an antiapoptotic member of the Bcl-2 protein family. Overexpression of Bcl-X L has been reported in a majority of SCCHN, and it correlates with resistance to chemotherapy (Trask et al., 2002) .
We previously demonstrated the feasibility of using a double-stranded deoxynucleotide transcription factor decoy to target activated STAT3, and we showed that the STAT3 decoy exhibited antitumor effects in SCCHN preclinical models, both alone and in combination with cytotoxic chemotherapy (Ahonen et al., 2003; Leong et al., 2003) . The decoy binds to STAT3, abrogating its ability to bind to DNA response elements and induce transcription of target genes, resulting in decreased proliferation and increased apoptosis. To date, no STAT3 targeting strategy has been approved for the treatment of cancer. In this study, we investigated the antitumor efficacy of combining the STAT3 decoy with the tyrosine kinase inhibitor erlotinib (OSI-774; Tarceva), the negative enantiomer of gossypol (AT-101), or both, in preclinical models of SCCHN. Erlotinib has shown significant antitumor effects against SCCHN, and it is currently approved by the United States Food and Drug Administration (2004) for treatment of locally advanced or metastatic non-small-cell lung cancer after failure of at least one prior chemotherapy regimen and for use in combination with gemcitabine for the first-line treatment of patients with locally advanced, unresectable or metastatic pancreatic cancer (Pomerantz and Grandis, 2004) . However, targeting of EGFR alone has only shown promise clinically when combined with standard cytotoxic approaches, including chemotherapy or radiation, in SCCHN (Burtness et al., 2005; Bonner et al., 2006) . To date, no Bcl-X L inhibitors have been investigated in patients with SCCHN. Studies have shown that the negative enantiomer of gossypol binds to the Bcl-2 homology 3 domain of Bcl-X L and Bcl-2 to cause apoptosis through induction of DNA fragmentation; poly(ADP-ribose) polymerase cleavage; loss of mitochondrial membrane potential; cytochrome c release; and activation of caspases-3, -8, and -9 (Enyedy et al., 2001; Zhang et al., 2003; Dao et al., 2004; Oliver et al., 2004) .
We hypothesized that combined targeting of the individual components of the EGFR-STAT3-Bcl-X L signaling pathway would result in increased antitumor effects. EGFR, STAT3, and Bcl-X L have each been implicated as important therapeutic targets in SCCHN. We observed enhanced antiproliferative effects when the STAT3 decoy was combined with either erlotinib or gossypol in vitro. When erlotinib and the STAT3 decoy were combined in an in vivo model of SCCHN, significant antitumor effects were achieved. The triple combination of erlotinib, the STAT3 decoy, and gossypol resulted in enhanced growth inhibition in vitro. These results suggest that combined targeting of the EGFR-STAT3-Bcl-X L signaling axis represents a potential treatment strategy for cancers characterized by activation of this signaling pathway, including SCCHN.
Materials and Methods
Antibodies and Reagents. Antibodies for p44/42 mitogen-activated protein kinase (MAPK), phospho-p44/42 MAPK, p70S6K, phospho-p70S6K, p-Akt, and Akt were purchased from Cell Signaling Technology Inc. (Danvers, MA). The cyclin D1 and VEGF antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The goat anti-rabbit IgG (HϩL)-horseradish peroxidase conjugate secondary antibody was from Bio-Rad Laboratories (Hercules, CA). The ␤-tubulin primary antibody was from Abcam Inc. (Cambridge, MA). Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) stain (for apoptosis) was purchased from Millipore Bioscience Research Reagents (Temecula, CA). Erlotinib (OSI-774; Tarceva) was provided by Genentech (South San Francisco, CA) (Moyer et al., 1997) . (Ϫ)-Gossypol was a kind gift from Dr. Shaomeng Wang (University of Michigan, Ann Arbor, MI) (Yoo et al., 2004) . 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Sigma-Aldrich (St. Louis, MO). The enhanced chemiluminescence kit was purchased from Santa Cruz Biotechnology, Inc. The Annexin V-Cy3 Apoptosis Detection Kit Plus was from BioVision (Mountain View, CA).
Cell Culture. UM-22B and PCI-15B cell lines were derived from cervical lymph node metastases from patients with head and neck squamous cell carcinomas as described previously (Lin et al., 2006) . UM-22B cells were provided by Dr. Thomas Carey (University of Michigan) (Ala-aho et al., 2004) . The PCI-15B cell line was created at the University of Pittsburgh (Pittsburgh, PA) (Sacks et al., 1988) . The 1483 cell line was derived from a primary tumor of the pharynx of a patient with SCCHN, and it was a kind gift from Dr. Gary Clayman (MD Anderson Cancer Center, Houston, TX) (Sacks et al., 1988) . Cells were cultured in DMEM containing 10% heat-inactivated fetal bovine serum and 1ϫ penicillin/streptomycin mix (both from Invitrogen, Carlsbad, CA) at 37°C with 5% CO 2 .
STAT3 Decoy Transfections. The STAT3 decoy sequence was 5Ј-CATTTCCCGTAAATC-3Ј and 3Ј-GTAAAGGGCATTTAG-5Ј, and the mutant control sequence was 5Ј-CATTTCCCTTAAATC-3Ј and 3Ј-GTAAAGGGAATTTAG-5Ј. Oligonucleotides were generated as described previously (Leong et al., 2003; Xi et al., 2005) . The singlestranded sense and antisense oligonucleotides were synthesized by the DNA Synthesis Facility at the University of Pittsburgh, and they were purified by means of ␤-cyanothylphysphoramidite chemistry to minimize degradation of the oligonucleotides by endogenous nucleases. Equal amounts of sense and antisense oligonucleotides were combined and annealed as described previously (Xi et al., 2005) . Decoy transfections were performed using Lipofectamine 2000 in Opti-MEMI media (both from Invitrogen) as follows: cells were plated to approximately 60 to 70% confluence and transfection media containing the STAT3 decoy or mutant control was added and incubated at 37°C with 5% CO 2 for 4 h. Fresh DMEM containing 10% heat-inactivated fetal bovine serum and 1ϫ penicillin/streptomycin mix was then added.
Dose-Response Experiments. Dose-response experiments were performed using increasing concentrations of each therapeutic reagent [erlotinib, (Ϫ)-gossypol, or STAT3 decoy] in DMEM containing 10% heat-inactivated fetal bovine serum and 1ϫ penicillin/streptomycin mix. After 72 h, MTT assays were performed to determine the effects of drug treatment. Media were removed from the plates and replaced with 5 mg/ml MTT (Sigma-Aldrich). Then, the plates were incubated at 37°C, 5% CO 2 for 15 min. The MTT reagent was removed, and dimethyl sulfoxide was added to lyse the cells. The plate was then read at 595 nm in the Quant microplate spectrophotometer (Bio-Tek Instruments, Winooski, VT) using KCjunior software. Data were normalized to untreated control cells, and the equation to calculate the percentage of killing is (OD untreated Ϫ OD inhibitor )/ OD untreated ϫ 100%. Curve-fit nonlinear regression analysis of sigmoidal dose-response curves with variable slope was performed using Prism version 4.03 for Windows (GraphPad Software Inc., San Diego, CA). MTT data were confirmed using trypan blue exclusion assays.
Combination Studies in Vitro to Determine Cell Viability. molpharm.aspetjournals.org tively, STAT3 decoy or mutant control decoy as described above. After 4 h, transfection media were removed, and DMEM (10% heatinactivated fetal bovine serum, 1ϫ penicillin/streptomycin mix) containing 5 or 0.16 M erlotinib alone, 2.67 or 2.97 M (Ϫ)-gossypol alone for UM-22B and PCI-15B cells, respectively, or a combination of both erlotinib and (Ϫ)-gossypol was added. Cell counts using trypan blue exclusion assay were performed after 72 h to assess cell viability.
Combination Studies in Vitro to Determine STAT3 Target Gene Expression by Immunoblotting. For the triple combination experiment with PCI-15B cells, 2.5 ϫ 10 5 cells/well were seeded in a six-well plate in DMEM containing 10% FBS, and after 24 h the cells were transfected with 38.3 nM STAT3 decoy or mutant control, respectively, as described above. After 4 h, transfection media were removed, and DMEM (10% heat-inactivated FBS) containing 0.16 M erlotinib alone, 2.97 M (Ϫ)-gossypol alone, or a combination of both erlotinib and (Ϫ)-gossypol was added. For the cells transfected only with STAT3 decoy or the mutant control, only DMEM was added. After 24 h, cell lysate was extracted, and the protein content was quantitated using the Bradford reagent. Forty micrograms of whole cell protein lysate was run on 8% SDS-polyacrylamide gel electrophoresis gels and transferred onto Trans-Blot nitrocellulose membranes (Bio-Rad Laboratories) for 50 min at 21 V using a semidry transfer machine (Bio-Rad Laboratories). The membranes were blocked using 5% nonfat dry milk, 0.2% Tween 20 in 1ϫ phosphatebuffered saline (TBST) for 2 h. Membranes were incubated in primary antibody diluted at 1:1000, except for phospho p70S6 kinase antibody at 1:500 dilution at 4°C overnight, and then they were washed five times with TBST (5 min/wash). However, for the ␤-tubulin antibody, a 1:5000 dilution was used. The membranes were then incubated with secondary antibody for 1 h (1:3000) at room temperature, followed by five washes in TBST. Blots were developed using enhanced chemiluminescence, according to the manufacturer's instructions (Santa Cruz Biotechnology, Inc.). Densitometric analyses were performed using AlphaDigiDoc 1000 software (Alpha Innotech, San Leandro, CA).
In Vivo Tumor Xenograft Studies. All studies were approved by the institutional animal care and use committee, and they were carried out in accordance with institutional guidelines for animal care. Female athymic nude mice (4-6 weeks old) were injected with 2 ϫ 10 6 1483 cells in the left and right dorsal flanks, resulting in two tumors per animal. Approximately 12 days later, after tumors were palpable, animals were assigned to two treatment groups by stratified randomization based on flank ratio (six mice in the STAT3 decoy or mutant control decoy group and five mice in the erlotinib plus STAT3 decoy or erlotinib plus mutant control decoy group). Daily intratumoral injections of STAT3 decoy or mutant control (35 g in 50 l) were delivered for 31 days. Erlotinib was dissolved in a 20% Trappsol (hydroxypropyl-␤-cyclodextrin) solution (CTD, Inc., Cyclodextrin Resource, High Springs, FL), and it was delivered (90 mg/kg) by oral gavage daily, as described previously (Higgins et al., 2004) . After 31 days, the mice were sacrificed.
In Vitro Apoptosis Assay. For the apoptosis assay, UM-22B and PCI-15B cells were seeded at a density of 3 ϫ 10 5 cells/well in a six-well plate in DMEM containing 10% FBS. After 24 h, cells were transfected with either 12.6 or 38.3 nM, respectively, STAT3 decoy or mutant control decoy as described above. After 4 h, transfection media were removed, and DMEM plus 10% FBS containing 5 or 0.16 M erlotinib alone, 2.67 or 2.97 M (Ϫ)-gossypol alone for UM-22B and PCI-15B cells, respectively, or a combination of both erlotinib and (Ϫ)-gossypol was added. After 24 h, cells were detached by trypsinization, counted, and pelleted at 1000 rpm for 5 min. Cell pellets were washed once with phosphate-buffered saline, pH 7.4, and then they were resuspended in 100 l of annexin V binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, and 2.5 mM CaCl 2 ). Approximately 5 l of annexin V-Cy3 was added per tube, and the suspension was allowed to incubate at room temperature for 15 min in the dark. Then, the stained cell suspension was dropped on the slides and covered with coverslips. The membrane of apoptotic cells is stained a bright orange when analyzed with a fluorescence microscope (TE 2000-E; Nikon, Melville, NY). The ratio (percentage) of apoptotic to total cells (apoptotic plus nonapoptotic cells) was calculated for each high-power field. For each treatment, 5 to 10 highpower fields of view were quantitated on each section using MetaMorph software version 7.0 (Molecular Devices, Sunnyvale, CA).
Immunohistochemical Analyses. For Ki-67, the Ki-55 clone was purchased from Dako North America, Inc. (Carpinteria, CA), used at a dilution of 1:25. For VEGF, the 5C3.F8ϩ JH121 clone was purchased from LabVision Products (Fremont, CA), used at a 1:100 dilution. For immunohistochemical staining, 4-m sections were cut from formalin-fixed paraffin-embedded tissue blocks, and they were deparaffinized and rehydrated using successive washes of xylene followed by ethanol. Heat-induced epitope retrieval was performed on the sections in a microwave oven (medium power for 10 min) using citrate buffer, pH 6.0. Endogenous peroxidase was blocked with 3% hydrogen peroxide. Sections were incubated in Universal Protein Blocker (Shandon Lipshaw, Pittsburgh, PA) for 20 min at room temperature.
For TUNEL analysis, ApopTag Plus Peroxidase In Situ Apoptosis Detection kit (Millipore Corporation, Billerica, MA) sections were deparaffinized, and then they were treated with 20 g/ml proteinase K (Roche Diagnostics, Indianapolis, IN) solution at 37°C for 10 min to enhance the staining. Then, 3% hydrogen peroxide/methanol was used to block the endogenous peroxidase. Sections were then incubated with terminal deoxynucleotidyl transferase and a dinucleotide solution (digoxigenin-labeled dUTP and dATP) at 37°C for 25 min followed by a stop buffer step at 37°C for 30 min. Peroxidase-conjugated anti-dioxygenin antibody was then applied to the sections at room temperature for 30 min, and the reaction products were visualized by 0.03% 3,3Ј-diaminobenzidine tetrahydrochloride solution containing 2 mM hydrogen peroxide. Apoptosis using TUNEL was assessed as a percentage of all tumor, excluding areas of necrosis. Necrosis was determined as a percentage of total cross-sectional area of tumor. Histologic criteria for necrosis were zones of granular acellular debris either with or without neutrophilic infiltrates, or amorphous eosinophilic cellular outline "ghosts."
For VEGF, staining was interpreted semiquantitatively as the product of intensity (0-3) and percentage of cells staining. For hematoxylin and eosin and TUNEL, only percentage of cells was noted, and only strong staining was considered positive. All slides were examined using a standard brightfield microscope (BX51; Olympus, Center Valley, PA). All photomicrographs were taken at 100ϫ magnification using an attached digital camera (SPOT insight 4MP; Diagnostic Instruments, Inc., Sterling Heights, MI).
Statistical Analyses. For combination treatment experiments, to compare two treatment groups, p values were obtained by the nonparametric Wilcoxon-Mann-Whitney test, and p Յ 0.05 was considered significant. Statistical analyses were performed using StatXact software (Cytel Software Corporation, Cambridge, MA).
Results

SCCHN Cell Lines Demonstrates Similar IC 50 Values for Gossypol but Not for Erlotinib or the STAT3 Decoy.
To determine the doses of inhibitors to use in our cell line models, we first performed dose-response experiments for erlotinib, STAT3 decoy, or gossypol. UM-22B, PCI-15B, and 1483 cells were treated with a range of doses of the inhibitors for 72 h, and MTT assays were performed to assess cell viability. The time point and range of doses used were selected based on kinetics experiments (data not shown) and previously published reports Seki et al., 2006; Sutter et al., 2006) . Data were normalized to untreated control cells, and the percentage of cytotoxicity and IC 50 values were calculated as described under Materials and Methods. The IC 50 value for gossypol in all cell lines tested was approximately 3 M, which is consistent with other reports of gossypol activity in SCCHN cell lines (Table 1) (Yoo et al., 2004) . The IC 50 value for erlotinib was 10, 0.33, and 7 M for UM-22B, PCI-15B, and 1483 cell lines, respectively. The IC 50 values for the STAT3 decoy varied between the cell lines examined, which was 12.6 nM for UM-22B, 38.3 nM for PCI-15B, or 2.05 nM for 1483. In the subsequent combination experiments, the IC 50 concentrations of the STAT3 decoy and (Ϫ)-gossypol were used, whereas half of the IC 50 concentration or the IC 25 concentration was used for erlotinib. This is because the sigmoidal dose-response curves for the STAT3 decoy and (Ϫ)-gossypol in the SCCHN cell lines was quite steep, indicating that the IC 25 , IC 50 , and IC 75 concentrations are within a narrow dose range (data not shown).
Combining Erlotinib with the STAT3 Decoy Enhances Inhibition of Cell Viability in SCCHN Cell Lines. To assess the effect of simultaneous EGFR and STAT3 inhibition on cell viability, UM-22B cells were treated with 5 M erlotinib and 12.6 nM STAT3 decoy. The mutant control decoy, which served as a control for the STAT3 decoy in all experiments, differs from the mutant control decoy by a single base-pair mutation, it is ineffective at binding and inhibiting activated STAT3, and it does not significantly decrease either cell viability or STAT3 target gene expression compared with an untreated control (Leong et al., 2003) . Treatment of UM-22B cells with the STAT3 decoy alone resulted in 62.7% cell viability (Fig. 1A) . Treatment with erlotinib alone resulted in 49.1% cell viability. Treatment with erlotinib plus the mutant control decoy resulted in 48.7% cell viability. Treatment with both the STAT3 decoy and erlotinib resulted in 29.6% cell viability, which was significantly different from cells treated with STAT3 decoy alone, erlotinib alone, or erlotinib plus the mutant control decoy (p ϭ 0.004, p ϭ 0.024, and p ϭ 0.028, respectively) (Fig.  1A) . Similar results were seen for PCI-15B cells where treatment with 38.3 nM STAT3 decoy resulted in 59.8% cell viability, treatment with erlotinib alone resulted in 59.5% cell viability, treatment with 0.16 M erlotinib plus the mutant control decoy resulted in 59.44% cell viability, and treatment with both the STAT3 decoy and erlotinib resulted in 39.0% cell viability (Fig. 1B) . In PCI-15B cells, the combination of the STAT3 decoy and erlotinib significantly decreased cell viability compared with the STAT3 decoy alone, erlotinib alone, or erlotinib and the mutant control decoy (p ϭ 0.004, p ϭ 0.024, and p ϭ 0.016, respectively). These results indicate that combining erlotinib with the STAT3 decoy enhances antiproliferative effects.
Combining Erlotinib and the STAT3 Decoy Enhances in Vivo Antitumor Effects Compared with Either Treatment Alone.
To determine the therapeutic efficacy of combining an EGFR inhibitor with the STAT3 decoy in vivo, a xenograft model of SCCHN was used. Studies have found that the maximum tolerated dose of erlotinib in nude mice is 100 mg/kg with daily administration (Higgins et al., 2004) . The 1483 cell line is considered relatively resistant to erlotinib (the IC 50 value is 7 M); therefore, we chose to use 90 mg/kg erlotinib daily. The STAT3 decoy dose was based on previous in vivo studies; however, when 50 g of STAT3 decoy was administered daily, the antitumor effects were so profound that we could not assess a benefit of the addition of erlotinib (90 mg/kg daily) (data not shown). This decrease in Fig. 2 . Combining the STAT3 decoy with erlotinib enhances cell growth inhibition in vivo. We inoculated 1483 cells (2 ϫ 10 6 ) subcutaneously in the right and left flanks of 11 athymic nude mice. After 14 days, the tumors were palpable, and mice were randomized into two treatment groups. Tumors on the left flank were injected with the mutant control decoy, and tumors on the right flank were treated with the STAT3 decoy (35 g) daily for 31 days. In addition, five mice received 90 mg/kg erlotinib, and six mice received vehicle control by oral gavage. Tumors were harvested at the end of treatment (day 31), and they were stained for apoptosis using a TUNEL assay (A) or for necrosis (B), by hematoxylin and eosin staining, and VEGF expression (C). The average percentage of apoptotic, necrotic, and VEGF-positive cells are represented. The percentage of apoptotic cells by TUNEL excluded the areas of necrosis as part of the denominator. mean tumor volumes was apparent after 5 days of treatment, and animals were sacrificed after 14 days of treatment due to ulcerated tumors and weight loss. SCCHN xenografts frequently ulcerate, especially in the setting of repeated intratumoral inoculations. In the next experiment, nude mice bearing 1483 tumors were treated with the 35 g of STAT3 decoy or mutant control decoy by intratumoral injection with 90 mg/kg erlotinib or the vehicle control by oral gavage for 31 days (five to six mice/group). In general, the combination of erlotinib with the STAT3 decoy inhibited tumor growth to a greater extent than either treatment alone (the mutant decoy was used as a control for the STAT3 decoy) (data not shown). Specifically, the tumor volumes were significantly reduced in the combined therapy group injected with erlotinib plus the STAT3 decoy compared with the monotherapy group injected with mutant control decoy alone at days 27, 29, and 31 (p ϭ 0.01).
Tumors were harvested and immunohistochemical analysis was performed to assess induction of apoptosis and necrosis and also to quantitate VEGF, an angiogenesis marker and STAT3 target gene. The tumors that received erlotinib plus decoy also exhibited markedly increased apoptosis (62.5%) compared with vehicle plus decoy (20.0%) or erlotinib plus mutant (15.0%) ( Fig. 2A) . In addition, necrosis was increased in the erlotinib plus decoy-treated tumors (52.5%) compared with vehicle plus decoy (10.0%) and erlotinib plus mutant (17.5%) (Fig. 2B) . The combination of the STAT3 decoy and erlotinib decreased the expression of VEGF by 8.3% compared with vehicle plus decoy and by 2.5% compared with erlotinib plus mutant (Fig. 2C) . These results indicate that the combination of erlotinib plus STAT3 decoy increases apoptosis and induces necrosis, possibly through the down-modulation of VEGF, compared with the STAT3 decoy or erlotinib administered as single agents. The failure to consistently detect a difference in tumor volume between the mice that received both agents compared with monotherapy at each time point may be due to the necrosis that obscured an effect on gross tumor volumes, the relatively small number of mice per group, or both. The biologic significance of necrosis in a subcutaneous SCCHN xenograft model is unknown.
STAT3 Decoy in Combination with Gossypol Enhances Inhibition of Cell Viability in SCCHN Cell
Lines. To determine the efficacy of combining a STAT3 inhibitor with a Bcl-X L inhibitor, the STAT3 decoy was combined with gossypol in UM-22B and PCI-15B cells. Cell viability was assessed using trypan blue dye exclusion assay after 72 h to determine the efficacy of the combination treatment. A trend was observed in UM-22B cells, with 40.3% cell viability after treatment with the STAT3 decoy plus gossypol, 61.8% cell viability with the STAT3 decoy alone (p ϭ 0.075), 52.5% cell viability with gossypol alone, and 51.5% cell viability with the mutant control decoy plus gossypol, although it was not statistically significant (p ϭ 0.155) (Fig. 3A) . In PCI-15B cells, the combination of STAT3 decoy plus gossypol significantly enhanced inhibition of cell viability compared with either the STAT3 decoy alone, gossypol alone, or the mutant control decoy with gossypol (38.7% cell viability, 54.2% cell viability, 55.5% cell viability, and 56.4% cell viability, respectively; p ϭ 0.0278, p ϭ 0.05, and p ϭ 0.0278) (Fig. 3B ). These data indicate that the combination of the STAT3 decoy and gossypol resulted in enhanced inhibition of cell viability.
Combination of Erlotinib, STAT3 Decoy, and Gossypol Exhibits Enhanced Growth Inhibition of SCCHN Cells in Vitro.
We next investigated the efficacy of combined inhibition of EGFR, STAT3, and Bcl-X L using a combination of erlotinib, the STAT3 decoy, and gossypol. UM-22B cells were treated with 5 M erlotinib, 12.6 nM STAT3 decoy, and 2.67 M gossypol, and then we compared these cells with cells treated with STAT3 decoy alone or the combination of erlotinib, the mutant control decoy, and gossypol. After 72 h Fig. 3 . Combination of the STAT3 decoy with gossypol enhances inhibition of cell viability of head and neck cancer cells. A, UM-22B cells were treated with 12.6 nM STAT3 decoy or mutant control decoy for 4 h followed by treatment with 2.67 M gossypol for 72 h. Cell counts were then performed using trypan blue dye exclusion. Combining the STAT3 decoy with gossypol augmented inhibition of cell viability compared with STAT3 decoy alone, gossypol alone, gossypol alone, or mutant control plus gossypol (p ϭ 0.075, p ϭ 0.2, and p ϭ 0.155, respectively). B, similar results were seen when PCI-15B cells were treated with 38.3 nM STAT3 decoy and 2.97 M gossypol (p ϭ 0.0278, p ϭ 0.5, and p ϭ 0.0278). Cumulative results are shown from five separate experiments.
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at ASPET Journals on August 27, 2017 molpharm.aspetjournals.org of treatment, we found that the triple combination of erlotinib, the STAT3 decoy, and gossypol increased inhibition of cell viability compared with STAT3 decoy alone, erlotinib plus gossypol, or erlotinib plus mutant control decoy plus gossypol (21.3% cell viability, 54.3% cell viability, 34.1% cell viability, or 30.7% viability, respectively; p ϭ 0.004, p ϭ 0.05, and p ϭ 0.0476) (Fig. 4A) . Similar results were seen with PCI-15B cells, where the combination of erlotinib plus STAT3 decoy plus gossypol enhanced inhibition of cell viability compared with STAT3 decoy alone, erlotinib plus gossypol or erlotinib plus mutant control decoy, plus gossypol (19% cell viability compared with 59.6, 34.5, and 37.9% cell viability, respectively; p ϭ 0.004, p ϭ 0.02, and p ϭ 0.008) (Fig. 4B) .
Combined Targeting of EGFR, STAT3, and Bcl-X L Increases SCCHN Apoptosis. We examined apoptosis by annexin V analysis after STAT3 decoy, erlotinib, and gossypol treatment to determine whether the cytotoxic effects of combined EGFR, STAT3, and Bcl-X L targeting were due to increased apoptosis. In UM-22B cells (Fig. 5A) , combined targeting enhanced apoptosis (74% apoptotic cells) at 24 h, compared with decoy alone (50% apoptotic cells), erlotinib alone (42% apoptotic cells), decoy plus erlotinib alone (57% apoptotic cells), gossypol alone (25% apoptotic cells), decoy plus gossypol (54% apoptotic cells), and erlotinib plus gossypol (39% apoptotic cells). Similar observations were seen in PCI-15B cells (Fig. 5B) , where combined targeting enhanced apoptosis (66% apoptotic cells) at 24 h, compared with decoy alone (48% apoptotic cells), erlotinib alone (38% apoptotic cells), decoy plus erlotinib alone (60% apoptotic cells), gossypol alone (27% apoptotic cells), decoy plus gossypol (52% apoptotic cells), and erlotinib plus gossypol (50.5% apoptotic cells).
Combined Inhibition of EGFR, STAT3, and Bcl-X L Elicits Antitumor Effects by Inhibiting Target Gene Expression. To investigate the effects of combined targeting of the EGFR-STAT3-Bcl-X L signaling pathway on the expression of selected proteins, PCI-15B cells were treated with IC 50 concentrations of the STAT3 decoy (38.3 nM) and/or gossypol (2.97 M) and the IC 25 concentration oferlotinib (0.16 M) for 24 h. Lysates were then prepared and subjected to immunoblotting for phospho-p44/42MAPK, p44/42 MAPK, cyclin D1, phospho-p70S6K, p70S6K, p-Akt, Akt, and ␤-tubulin (loading control) (Fig. 6A) . Treatment with erlotinib alone or in combination with the decoy inhibited MAPK phosphorylation as shown by densitometric analysis compared with decoy alone (Fig. 6B) . However, combining the decoy with erlotinib and gossypol did not further augment the down-modulation of p44/42 MAPK phosphorylation. P70S6K is downstream of EGFR and mammalian target of rapamycin, a protein that is up-regulated in SCCHN (Yokogami et al., 2000; Tibes et al., 2006) . Likewise, we found that combination of the decoy with erlotinib and gossypol down-regulated phospho-p70S6 kinase compared with decoy alone (p ϭ 0.05), decoy and gossypol in combination (p ϭ 0.05), erlotinib alone (p ϭ 0.05), or decoy plus erlotinib in combination (p ϭ 0.05) (Fig. 6C) . Combining the STAT3 decoy with erlotinib and gossypol resulted in significantly decreased expression of cyclin D1 compared with either the single or double combinations (p ϭ 0.05) (Fig. 6D) . In addition, combination of STAT3 decoy plus erlotinib plus gossypol down-regulated p-Akt compared with decoy alone (p ϭ 0.05), erlotinib alone (p ϭ 0.05), gossypol alone (p ϭ 0.05), or erlotinib plus decoy (p ϭ 0.05) (Fig. 6E) . These results suggest that down-modulation of MAPK and p70S6 kinase are primarily mediated by erlotinib treatment in vitro. However, decreased expression of cyclin D1 and p-Akt seems to reflect the enhanced antiproliferative effect of targeting the pathway at multiple points.
Discussion
Because of the complexity of signaling pathways and the multilevel cross-stimulation of parallel pathways in a cell, molecularly targeted inhibitors have not consistently performed satisfactorily in single-agent trials (Maione et al., 2006) . Preclinical studies have focused on combining EGFR inhibitors or Bcl-X L inhibitors with standard treatments, either radiation or chemotherapy. Because no STAT3 inhibitor has reached the clinic to date, there are no clinical data on the therapeutic efficacy of a STAT3 inhibitor in combination with either standard treatments or experimental treatments such as EGFR or Bcl-X L inhibitors. Combined targeting of several molecules in a pathway whose component proteins are up-regulated in cancer is largely unexplored.
EGFR, STAT3, and Bcl-X L have each been implicated in cancer progression in a wide range of human tumors. Activation of EGFR by autocrine ligands leads to activation of STAT3 in SCCHN through direct interaction via SH2 domains with specific autophosphorylation sites in the cytoplasmic domain of the receptor. Activation of STAT3 leads to dimerization of STAT molecules, translocation into the nucleus and induction of critical target genes, including Bcl-X L . Previous studies have demonstrated that EGFR, STAT3, and Bcl-X L are constitutively activated in a variety of malignancies and that each of these proteins may serve as a therapeutic target in cancers such as SCCHN in which increased expression levels have been correlated with decreased survival, poor prognosis, and increased resistance to chemotherapy and radiation (Trask et al., 2002; Pomerantz and Grandis, 2004; Leeman et al., 2006) .
To date, studies have primarily focused on targeting these proteins alone or in combination with established treatment modalities, such as chemotherapy or radiation. EGFR activates a variety of intracellular pathways and proteins that stimulate growth, proliferation, angiogenesis, metastasis, and survival, including the Ras/MAPK, phospholipase-C␥, phosphatidylinositol-3 kinase, and STATs. STAT3 represents a point of convergence for several upstream signaling pathways, including EGFR, platelet-derived growth factor receptor, Src, Bcr-Abl, and gp130/IL-6R where activation of STAT3 elicits expression of a variety of target genes, including Bcl-X L , cyclin D1, VEGF, MMP-2, and MMP-9 (RuffJamison et al., 1994; Zhong et al., 1994; Darnell, 1997; Turkson et al., 1998; Shao et al., 2003; Sriuranpong et al., 2003) . Therefore, the combined targeting of EGFR, STAT3, and Bcl-X L using erlotinib, STAT3 decoy, and gossypol in SCCHN may lead to enhanced antitumor activity without overlapping toxicities in a broader range of patients.
Dual-molecular targeting approaches are under active investigation in preclinical models of cancer and in selected early phase clinical trials. We found that combining the decoy with erlotinib enhanced cell growth inhibition in vitro. In addition, our data indicate that combining the STAT3 decoy and erlotinib in vivo may be an efficacious antitumor regimen. Immunohistochemical analysis of the tumors from this experiment indicate that the combination of erlotinib and the decoy increased TUNEL-positive cells and decreased expression of VEGF, leading us to hypothesize that the antitumor effects are the result of increased apoptosis and decreased angiogenesis. Reports of combined targeting of EGFR and STAT3 are few, but others have observed additive or syner-gistic growth inhibition, depending on the concentrations used, of an human cervical cancer cell line overexpressing EGFR when the EGFR tyrosine kinase inhibitor AG1478 and AG490 (a Janus tyrosine kinase 2 inhibitor) were combined in vitro (Dowlati et al., 2004) . To date, there are no published reports investigating the effects of combining STAT3 and Bcl-X L inhibitors. We also found that combining the STAT3 decoy and gossypol to inhibit STAT3 and Bcl-X L resulted in enhanced antiproliferative effects in vitro.
To date, the antitumor effects of combining EGFR, STAT3, and Bcl-X L inhibitors have not been explored. When EGFR, STAT3, and Bcl-X L inhibitors were combined, we observed enhanced inhibition of cell viability in all three SCCHN cell lines tested. A study performed in both colon and breast cancer models combined an EGFR tyrosine kinase inhibitor (gefitinib; ZD1839), with protein kinase A antisense oligonucleotides and Bcl-2/Bcl-X L antisense oligonucleotides, and it found that combined targeting resulted in enhanced antiproliferative, proapoptotic, and antiangiogenic effects (Tortora et al., 2003a) . The same group next studied the combination of the cyclooxygenase-2 inhibitor SC-236 with gefitinib and PKA antisense oligonucleotides in colon and breast preclinical models, and they also observed that combining three inhibitors resulted in enhanced antitumor effects compared with single or dual combinations of the inhibitors (Tortora et al., 2003b) . Another group combined inhibitors targeting EGFR and VEGF receptor (AEE788; Traxler et al., 2004) , and PDGF receptor, BCR-ABL, and c-Kit (imatinib; STI571) with chemotherapy in pancreatic cancer cell lines, and they found that the combination of small-molecule inhibitors with gemcitabine significantly inhibited tumor cell growth and prolonged survival in vivo (Yokoi et al., 2005) . Our data provide further evidence that a combination of three inhibitors may be efficacious for cancer. Such a strategy may be particularly beneficial in view of the heterogeneity of most human tumors.
There are several potential mechanisms to explain the enhanced antitumor effects of combined targeting strategy. It is possible that each targeted molecule independently contributes to tumor progression and that effective strategies require simultaneous blockade of all three targets. Alternatively, cross-talk between signaling pathways provides a potential route to overcome blockade of a single target, which can be overcome with blockade of multiple targets. We found that the combination of erlotinib, STAT3 decoy, and gossypol caused down-modulation of cyclin D1, resulting in decreased cell cycle progression. Thus, inhibition of cell viability and proapoptotic effects observed indicate that combined targeting of EGFR, STAT3, and Bcl-X L inhibits the expression, phosphorylation, or both of several critical downstream signaling proteins, leading to apoptosis and necrosis of SCCHN tumors.
